Introduction
The development of cellular delivery devices, which includes cationic lipids, cell penetrating peptides (CPP's) and nanotubes and have been used to deliver anything from small dye molecules to large RNAs [1] [2] [3] into cells, has become a topic of zealous interest within the research community.
Some of the major hurdles that need to be overcome in order to develop an efficient delivery vehicle are ease of cargo loading to the delivery device, efficiency of delivery to the cytoplasmic region of the cell and controllability of cellular loading. However, a number of widely used delivery vehicles can have substantial, undesired cytotoxic effects, limiting their widespread use. 4, 5 In contrast, polymeric microspheres have been repeatedly demonstrated to be non-toxic and effective tools for cell biology, flow cytometry and medical diagnostics. [6] [7] [8] In addition, microspheres are able to enter a wide range of cell lines with high, but controllable loadings and can be easily functionalised with a range of moieties.
Despite the widespread utility of microspheres, the mechanism of microsphere uptake by non-phagocytic cells is poorly understood. 9 In general, two main uptake mechanisms may be considered: active endocytic processes 10 and/or passive diffusive mechanisms. 11 Insertion into the lipid bilayer and diffusion to the intracellular environment have previously been suggested for carbon nanotubes, amongst other mechanisms, after finding sodium azide, an inhibitor of adenosine triphosphate (ATP) hydrolysis, had a limited effect on uptake. 12 While some data support the notion that commercially available microspheres are taken up endocytically, 9, 10, 13, 14 it is hard to reconcile this when their capacity to function as cytoplasmatic pH and calcium sensors has been demonstrated. 15, 16 Microspheres have also been used to deliver siRNA intracellularly for the efficient gene silencing of enhanced green fluorescent protein (EGFP) and functional proteins, such as b-galactosidase, which both require cytoplasmic localisation. 17, 18 Taken together, these observations are inconsistent with an uptake mechanism that involves traditional endocytosis.
In this paper, the uptake of microspheres in several different cell lines was investigated as a function of microsphere diameter (0.2, 0.5 and 2 mm) and time of incubation (6-24 hours). Interestingly, microsphere uptake was found to be widely dependent on the microsphere diameter, with some cells taking up one size of microsphere better than others, with no logical patterns emerging. While these observations do not support endocytosis, this mechanism was investigated by both chemical modulation and sub-cellular localisation studies.
Microarray analysis was also used to determine whether significant gene expression changes occur in response to beadfection. 19, 20 In particular, we show that there were no significant changes that occurred in response to microsphere uptake and that these changes did not include any of the known transcriptional responses to endocytosis. Moreover, this analysis showed no significant changes in genes associated with cell death using larger sized microspheres, suggesting that beads represent a highly effective, non-toxic method for cellular delivery.
Results

Cellular uptake of polystyrene microspheres
Uniform, monodisperse polystyrene amino-functionalised cross-linked microspheres ( Fig. 1a and b) were synthesised by dispersion polymerisation as described previously, and coupled to different fluorophores as shown in Fig. 1c . 21 In order to assess the uptake and toxicity patterns of 0.2, 0.5 and 2 mm amino-functionalised cross-linked polystyrene microspheres, and to assess their applicability as cellular delivery devices, fluorescein-conjugated microspheres were incubated with a range of cell lines (mouse melanoma (B16F10), human cervical cancer (HeLa), human embryonic kidney (HEK293T), mouse fibroblast (L929), erythroleukemic (K562) and feeder independent mouse embryonic stem cells (E14Tg2A)). As well as examining cell line dependence, microsphere uptake was assessed as a function of microsphere diameter (0.2, 0.5 or 2 mm) by flow cytometry (Fig. 2 upper) .
Microsphere uptake was also confirmed by microscopy ( Fig. 2a-c lower) and found to be high across all cell lines (approaching 95%), especially with use of the smaller sized microspheres (0.2 and 0.5 mm). Unsurprisingly, cellular uptake was also found to be time dependent, with longer incubations yielding higher uptakes across all sizes of microsphere (see Fig. S1 in ESIw).
To confirm that microsphere uptake did not affect viability in this range of cell lines, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cellular viability assays were used to estimate the percentage of viable cells in these cultures following treatment with a range of microspheres. Fig. S2 in ESIw shows that all cell lines contained greater than 90% viable cells following microsphere treatment, indicating that microspheres did not exert any cytotoxic effects on cells.
Chemical inhibition of uptake pathways
Uptake of microspheres is not energy dependent. Active mechanisms such as endocytosis are dependent on an energy source such as adenosine triphosphate (ATP). 22 If levels of ATP are depleted in cells then active mechanisms are consequently inhibited. 23 It was therefore examined whether microsphere uptake was energy dependent by incubating microspheres with cells that had been pre-treated with an inhibitor of ATP production, sodium azide (20 mM), which is known to block endocytosis.
Uptake of microspheres was measured by flow cytometry in 0.2% trypan blue in Hank's balanced saline solution (HBSS), designed to quench extracellular fluorescence so only cells containing microspheres intracellularly were detectable. 10, 24 Fig . 3a shows that pre-treatment of cells with sodium azide had no effect on the uptake of microspheres in mouse melanoma B16F10 cells. Similar results were obtained with all other cell lines tested (see Fig. S3 in ESIw). In contrast, the uptake of FITC-conjugated transferrin and BODIPY-labeled lactosyl ceramide (LacCer), which are known to be ingested by receptor-mediated endocytosis, was inhibited under these conditions (see Fig. S4 in ESIw).
The presence of cholesterol in the cellular membrane is also essential for energy dependent endocytosis and, as such, its depletion results in a general block on endocytic mechanisms. 25 We therefore sought to confirm that microsphere uptake was not reliant upon the presence of cholesterol by incubating microspheres with cells grown in a cocktail of cholesterol inhibitors that included mb-cyclodextrin (mb-CD) (to remove cholesterol already present in the membrane) 26 and lovastatin (to prevent the de novo synthesis of further cholesterol by inhibition of 3-hydroxy-3-methyl-glutaryl-CoA reductase). 25 Following pre-incubation of cells with mb-CD (10 mM) and lovastatin (1 mg mL À1 ), 0.2, 0.5 and 2 mm fluorescein microspheres were added and uptake was analysed by flow cytometry after 3 hours. Fig. 3b shows that incubation with these cholesterol inhibitors does not hinder microsphere uptake, while identical conditions blocked the endocytic uptake of both LacCer and transferrin. Microsphere uptake Uptake of microspheres is not reliant upon caveolae. Although uptake was not found to be either ATP or cholesterol dependent, it was important to ensure that the uptake of microspheres did not occur by any form of endocytosis. As such, caveolae-mediated endocytosis, a mechanism known to be responsible for the uptake of LacCer, was selectively inhibited by the use of filipin III and genistein. Filipin III inhibits caveolae-mediated endocytosis by sequestering cholesterol in lipid rafts, which are essential for caveolae formation, 27 while genistein inhibits caveolae-mediated endocytosis by inhibiting a tyrosine kinase, which is required to phosphorylate proteins involved in caveolae formation.
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B16F10 cells were incubated with filipin III (5 mg mL
À1
) and genistein (200 mM), concentrations sufficient to inhibit the uptake of BODIPY FL C 5 -lactosylceramide (LacCer) 29 (see Fig. S4 in ESIw), prior to the addition of microspheres. Fig. 4a shows that the uptake of microspheres by these cells, in which all caveolae-mediated endocytosis was blocked, was the same as in untreated cultures (measured by flow cytometry), demonstrating that caveolae-mediated endocytosis was unlikely to be responsible for microsphere entry in B16F10 cells.
Uptake was additionally confirmed by microscopy (see Fig. S7 in ESIw) and, as above, MTT assays were used to show that these inhibitors had no effect on cell viability at the doses used (see Fig. S6 in ESIw).
Uptake of microspheres is not reliant upon clathrin. As caveolae-mediated invaginations into the cellular membrane are generally 50-100 nm in diameter, 30 it may not be surprising that microspheres 4 to 40 times larger than these regions are not ingested via this mechanism. However, clathrin-mediated endocytosis can result in the formation of widely size variant endosomes, which are largely dependent on the cargo to be internalised. 31 Clathrin-mediated endocytosis can be inhibited by chlorpromazine or depletion of potassium levels, known to disrupt the clathrin-mediated pathway by preventing coated pit assembly. 31, 32 Inhibitor doses were established such that the endocytosis of FITC-conjugated transferrin was blocked 33 (see Fig. S4 in ESIw). Strikingly, cells that could not endocytose transferrin were still capable of taking up microspheres (Fig. 4b ), indicating that clathrin coated pits were unlikely to be responsible for microsphere uptake (microscopy confirmed microsphere uptake under clathrin-coated pit inhibition, see Fig. S8 in ESIw). MTT assays showed that culturing cells under these conditions had little effect on the number of viable cells (see Fig. S6 in ESIw).
Uptake of microspheres is not reliant upon macropinocytosis. We also considered non-specific endocytic pathways, such as macropinocytosis, whereby a ruffling-like procedure by the cell membrane results in the formation of a vesicle, which may subsequently be internalised. 34 Membrane ruffling can be inhibited in two ways. Dimethylamiloride (DMA), an inhibitor of Na + -H + exchange, blocks macropinocytosis by altering the concentrations of sodium ions, which are thought to be important to non-specific membrane ruffling. Alternatively, the underlying morphological rearrangements can be blocked by inhibiting F-actin elongation with cytochalasin D.
The effect of both these inhibitors on the uptake of microspheres (0.2, 0.5 and 2 mm) by B16F10 cells was analysed and quantified by flow cytometry and microscopy ( Fig. 5 and Fig. S9 in ESIw). Interestingly, while DMA had little effect on microsphere uptake, cytochalasin D reduced microsphere uptake by 2-3-fold. Thus, while it appears unlikely that microspheres enter cells by macropinocytosis, there appears at least a partial requirement for actin polymerisation in the uptake process. This would suggest that uptake could involve some level of cytoskeletal rearrangement or may require an intact actin network for microsphere-cell interactions.
Uptake of microspheres is not reliant upon microtubule polymerisation. As actin polymerisation appeared relevant to uptake, the assessment of other cytoskeletal rearrangements known to be implicated in endocytosis was important. Lipid raft-mediated uptake and intracellular vesicular trafficking are thought to be dependent upon microtubule polymerisation and are blocked by nocodazole. 35 The capacity of nocodazole to inhibit microsphere uptake in B16F10 cells was therefore assessed. As with the other endocytosis inhibitors, nocodazole had little effect on microsphere uptake (see Fig. S10 in ESIw), suggesting that microtubule polymerisation is not required for either the interaction of the microspheres with the cellular membrane or their passage across the lipid bilayer. Thus despite a requirement for F-actin elongation and an intact cytoskeleton, lipid raft-mediated uptake is unlikely to be the mechanism by which microspheres are internalised.
Temperature dependence on uptake
Low temperatures have a substantial effect on cellular uptake processes, including endocytosis and passive diffusive mechanisms. 36 ''Hardening'' of the lipid bilayer at lowered temperatures would be expected to slow passive diffusive mechanisms due to increased membrane rigidity. 37 To examine the temperature dependence on uptake, B16F10 cells were incubated at 37, 20 and 4 1C and entry of microspheres into the cells was assessed after 3 hours by flow cytometry and microscopy ( Fig. 6) . In all cases, uptake was dramatically lowered at 20 1C and the effect was even more pronounced at 4 1C. At these low temperatures, microspheres do not extensively enter cells, but rather appear anchored to the cell membrane ( Fig. 6a-c) . Taken together with our inhibitor studies, these data suggest that the reduction in uptake is due to hardening of the lipid bilayer and a decrease in membrane fluidity, meaning passive movement across the membrane is hindered.
Endosomal and lysosomal markers
Although chemical inhibition of endocytic pathways had little effect on microsphere uptake, it is difficult to wholly rule out this mechanism. To further test whether microsphere uptake was in some way tied to endocytosis, the sub-cellular co-localisation of microspheres with endosomal and lysosomal markers was examined. FM4-64 is a commercially available lipophilic styryl dye, which through anchorage into the lipid bilayer labels the membrane of the cell and any subsequently formed endosomal compartments.
38 B16F10 mouse melanoma cells were pre-incubated with FM4-64 followed by 0.5 mm fluorescein microspheres and real-time confocal analysis carried out over a period of 30 minutes (see ESIw for the real-time movies).
Three microspheres were observed to have become anchored with the extracellular region of the cell and after repeated re-orientation of their alignment, the microspheres (still associated with one another) crossed the lipid bilayer rapidly and without the appearance of an endosome (see Fig. S11 in ESIw). However, disruption of the membrane was noted and evidenced by the association of the FM4-64 stain to one side of the microspheres, which gradually disassociated with time (it was no longer present after 15 minutes within the cell). Thus, microspheres appear to locally disrupt the membrane upon entering the cell and this observation would explain the reduction in uptake induced by inhibiting actin polymerisation.
To further confirm that this passage across the cell membrane does not result in lysosomal compartmentalisation, it was considered whether internalised microspheres colocalised with acidic organelles (lysosomes) following uptake.
As such, B16F10 cells were stained with LysoTracker Red, a dye capable of marking acidic compartments, 39 and analysed by confocal microscopy. Optical sections through cells containing internalised microspheres demonstrated that microspheres did not co-localise with lysosomes ( Fig. 7 and Fig. S12 in ESIw), further supporting a mechanism which is not related to endocytosis.
Gene expression profiling
To further investigate the effect of microspheres on cells, the transcriptional consequences of uptake were analysed using gene profiling technology. 40 Agilent 4 Â 44K whole human and mouse genome arrays were used to assess changes in gene expression levels that occurred as a result of the uptake of two differently sized microspheres (2 and 0.5 mm) in both mouse (L929 fibroblast) and human (HEK293T human embryonic kidney) cell lines. Transcriptional responses were examined in the hope of uncovering any significant and conserved changes in gene expression following beadfection (see Fig. S13 in ESIw).
Preliminary analysis focused on the individual effect of microsphere size (0.5 or 2 mm) on HEK293T or L929 cells (see Tables SI-SIV in ESIw) . In human HEK293T cells only 11 genes showed a greater than 2-fold expression change in response to 0.5 mm microspheres, while 21 genes changed their expression levels upon beadfection with 2 mm beads. In addition, only 5 genes were found to be in common between the two profiles (beadfection with 0.5 mm or beadfection with 2 mm).
Similar results were obtained with mouse L929 cells in which the expression levels of 28 genes were found to change in response to 0.5 mm microspheres and 13 genes were found to be up or down-regulated in response to 2 mm microspheres. In this case, only 3 genes were found to be common between the two sizes of microsphere. Strikingly, very few gene expression changes occurred upon treatment with either bead size, demonstrating how well tolerated the microspheres are by the cell. In addition, the genes altered were not conserved between species and significant homology was not evident.
To find any common changes between the two cell lines a more general analysis was performed, grouping the datasets irrespective of the microsphere diameter. In HEK293T cells, 38 genes appeared to be differentially expressed with over a 2-fold change in response to microsphere uptake, whereas, in mouse L929 cells, the expression levels of 74 genes were found to be altered ( Fig. 8 and Tables SV and SVI in ESIw) .
However, even with this less stringent approach the expression of only a small set of genes was found to change as a result of microsphere uptake and no homology could be found between the cell lines.
To determine if there were any core processes affected by microsphere uptake, gene ontology analysis was used to study their roles in biological processes that might be contained within any transcriptional response. In L929 cells, this confirmed that the addition of microspheres had no effect on cellular viability as the genes affected by beadfection were mainly related to cellular metabolism (Fig. 9, right) . However, in HEK293T cells 2 genes out of 38 were noted to be involved in apoptosis or cell cycle arrest (Fig. 9, left) , demonstrating the more sensitive nature of this cell line to beads over-loading.
Importantly, gene ontology analysis of both cell types generated results consistent with the chemical inhibitory assays and microscopic analysis as none of the gene expression changes induced by microsphere uptake resembles those expected as a result of endocytosis.
Data validation
As no conserved patterns were observed in response to microsphere uptake, it appeared that both cell lines remained essentially unchanged in response to beadfection.
To confirm that these transcriptional profiles were accurate, the few statistically significant changes were validated by quantitative real-time PCR analysis. Transcripts showing a greater than 3-fold change in expression levels on the array chip were selected for further analysis (see Table SVII in ESIw). Independent biological samples from cells treated with microspheres under the same conditions, described for the microarray study, were used and a comparison was made between the microarray and the quantitative PCR results (Fig. 10) . In accordance with the microarray data, all the genes examined were found to be up-regulated in cells incubated with microspheres, although, overall, the fold changes seen were less dramatic than predicted by the microarray, however, the relative abundance of the transcripts was conserved.
None of the gene expression changes appear conserved between human and murine cell lines. The restricted number of transcripts moderately up-regulated in response to microsphere uptake having a role in metabolism, biogenesis and cell homeostasis. For example gastric inhibitory polypeptide receptor (GIPR) is a G-protein coupled receptor normally expressed in the fetal kidney and involved in glucose homeostasis. 41 Guanine nucleotide binding protein-like 3 (GNL3L) is a GTP-binding chaperone involved in ribosome biogenesis.
42 BPNT1 (bisphosphate 3 0 -nucleotidase) is a magnesium-dependent phosphomonoesterase that converts 3 0 (2 0 )-phosphoadenosine-5 0 -phosphate (PAP) to AMP, thus playing a role in nucleotide metabolism. 43 COX-1 (cytochrome oxidase subunit I) 44 is a mitochondrial transcript which encodes one of the major transmembrane subunits of cytochrome C oxidase, the last enzyme in the respiratory chain.
Discussion
In this paper, microspheres within a biologically relevant size range (0.2-2 mm) were shown to represent a highly efficient delivery system in a wide variety of cell lines, including mouse stem cells. The uptake of these microspheres was found to be size and time dependent (although cellular entry was high in all cases), but is independent of active transport. Moreover, the ingestion of these particles neither appears to impact on cell viability nor produce any significant changes in gene expression. As a result microspheres appear to represent a highly efficient, biologically inert delivery system. Investigation of microsphere uptake was studied initially by chemical modulation and was found to be independent of both ATP and cholesterol depletion (both required for endocytosis). Moreover, a number of inhibitors were examined designed to block receptor-mediated (clathrin-or caveolae-mediated) endocytosis and they were found to have no impact on microsphere uptake at concentrations that significantly inhibited LacCer and transferrin uptake. Whilst these findings supported a non-endocytic mechanism, one inhibitor did appear to impact on uptake. Cytochalasin D, an inhibitor of F-actin polymerisation, yielded a decrease in uptake of up to 60% and microscopy revealed that microspheres could be seen to be 'sitting' on extracellular regions of the cells, unable to pass intracellularly. These observations suggest that microsphere uptake may require modulation of the actin cytoskeleton, in a process that does not require ATP hydrolysis.
Importantly, examination of the gene expression profile induced by microsphere uptake revealed no significant transcriptional changes in comparison to untreated control cells. Analysis performed using less stringent criteria identified small changes in a reduced number of transcripts (n = 38 and 74). Gene ontology of these subsets evidenced that none were typical transcriptional responses to endocytosis, further supporting a non-endocytic pathway.
Based on the absence of evidence for some form of endocytotic pathway, coupled to the requirement for actin polymerisation, we propose a mechanism whereby microspheres interact and anchor with the cell membrane. After a period of time that is dependant on bead microsphere diameter and cell line, membrane reorganisation occurs, facilitating the influx of the microsphere intracellularly. Such a mechanism must be wholly unreliant upon an energetic payload and would not result in the trapping of cargo within acidic organelles or result in cytotoxicity. As such, this renders microspheres as not only an efficient delivery vehicle, but also a device which may have wide ranging and versatile applications in a great number of areas of research.
Experimental procedures Materials
Cellular uptake was assessed by flow cytometry using a BD Bioscience FACSAria equipped with the FACSDiva software. Cellular microscopy was performed on a Zeiss Axiovert 200M pseudo confocal microscope or a Leica inverted-confocal microscope and real-time microscopy was performed on a DeltaVision microscope. Real-time PCR was performed using a LightCycler 480 (Roche, UK) and a LightCycler 480 SYBR Green 1 Master (Roche, UK).
Styrene and p-divinylbenzene (DVB) were purchased from Sigma-Aldrich and tert-butylcatechol removed by washing with 25% NaOH followed by water. 4-Vinylbenzylamine (VBAH) was prepared in-house from 4-vinylbenzylchloride (Sigma-Aldrich) as we have previously reported. 21 All other chemicals were used as received. Roswell Park Memorial Institute Medium (RPMI-CM) and Dulbecco's Modified Eagle Medium (DMEM) were purchased from Sigma-Aldrich and supplemented with 10% fetal bovine serum, 100 units per mL penicillin/streptomycin and 4 mM L-glutamine unless otherwise stated. Glasgow's Modified Eagle Medium (GMEM, Sigma-Aldrich) was supplemented with 10% fetal bovine serum; 0.25% sodium bicarbonate; 0.1% non-essential amino acids; 2 mM L-glutamine; 1 mM sodium pyruvate; 0.1 mM b-mercaptoethanol; 100 U mL À1 leukaemia inhibitory factor (LIF).
Preparation of 0.2, 0.5 and 2 lm amino functionalised polystyrene-co-DVB microspheres 0.5 and 2 mm polystyrene microspheres were prepared by dispersion polymerisation as we have previously reported. 21 Briefly, AIBN (0.01 equiv.) was dissolved with VBAH (0.01 equiv.) in styrene (1 equiv.) with DVB (0.01 equiv.) and added to nitrogen degassed ethanol (or 93 : 7 ethanolwater to prepare 0.5 mm beads) with polyvinylpyrrolidone (M w 40 000, 0.003 equiv.). The resulting solution was stirred (350 rpm) at 25 1C for 2 hours before the reaction mixture was heated to 70 1C and stirred for 18 h. The resulting microspheres were isolated by centrifugation (8500 rpm, 5-10 min) and washed sequentially with methanol and water. Microspheres were stored in sterile water at 4 1C. 0.2 mm polystyrene microspheres were prepared by emulsifierfree emulsion polymerisation as we have previously reported. 21 In brief, styrene (1 equiv.), DVB (0.02 equiv.), VBAH (0.01 equiv.) and magnesium sulfate (0.002 equiv.) were stirred in deoxygenated water for 30 min at 25 1C before heating to 80 1C and stirring at this temperature for 20 min. 2,2 0 -Azobis(2-amidinopropane) dihydrochloride (V-50, 0.003 equiv.) was added in a minimum volume of water and the emulsification was stirred at 80 1C for 2 h. Microspheres were subsequently isolated, washed and stored as described above.
Fluorophore labelling of amino functionalised polystyreneco-DVB microspheres 0.2, 0.5 and 2 mm amino microspheres (30 mg) were washed in dimethylformamide (DMF, 3 Â 1 mL) and isolated by centrifugation (13 000 rpm, 1-10 min dependent on the microsphere diameter). Fmoc-aminohexanoic acid (10 equiv.) was dissolved in DMF with 1-hydroxybenzotriazole hydrate (10 equiv.) and diisopropylcarbodiimide (10 equiv.) and stirred for 10 min at 25 1C before addition to the microspheres. The resulting suspension was mixed for 18 h at 25 1C and microspheres were then washed with DMF, methanol, water and then DMF. Fmoc deprotection was achieved via treatment with 20% piperidine-DMF and microspheres were subsequently washed sequentially with DMF-methanol-water. Carboxyfluorescein or Cy5-COOH (10 equiv.) was dissolved in DMF with (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP, 10 equiv.) and diisopropylethylamine (DIPEA, 10 equiv.), mixed for 1 min and then added to aminohexanoic microspheres suspended in DMF. The resulting suspension was mixed for 18 h at 25 1C and microspheres were then washed with DMF, methanol and water and finally stored in water at 4 1C.
Cell cultures
HeLa and K562 cells were cultured in RPMI; L929, HEK293T and B16F10 were cultured in DMEM; and E14Tg2A cells were cultured in GMEM on gelatine-coated flasks. Cells were grown to 70-80% confluency in a T75 flask at 37 1C/5% CO 2 prior to detachment, where appropriate, via trypsination. Cell pellets were collected by centrifugation (1100 rpm, 4 min) and re-suspended in the appropriate volume of culture medium before seeding onto polystyrene well plates (coated with gelatine for stem cell cultures).
Uptake of fluorophore labelled microspheres Cells were cultured as described above in 24 well plates at a density of 3 Â 10 4 cells per well. 24 h after seeding, labelled microspheres were added (86 mg mL À1 ) and analysis was made as appropriate after 6, 12 and 24 h by flow cytometry in 0.2% trypan blue-Hank's balanced saline solution (HBSS) after cells were washed, trypsinised and centrifuged (1100 rpm, 4 min). Fluorescein fluorescence was excited using a 488 nm laser and emission collected using a 530/30 band pass filter.
Uptake under inhibition conditions
Cells were cultured as described above. Cells were pre-treated prior to the addition of microspheres with sodium azide (20 mM), mb-CD (10 mM) with lovastatin (1 mg mL À1 ), cytochalasin D (10 mM), DMA (10 mM), filipin III (5 mg mL 
Cell viability studies (MTT assay)
Cells were cultured in a 96 well plate and microspheres were added (86 mg mL À1 and 172 mg mL À1 ) as described above. After 24 or 48 h the old media was removed and was replaced with phenol red-free culture media (100 mL) containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 0.5 mg mL À1 ). After 5 h, MTT solubilising solution (10% Triton X-100, 0.1 mol L À1 HCl in anhydrous isopropanol, 100 mL per well) was added to dissolve the formazan crystals and the well plate was shaken overnight at 25 1C. Absorbance was measured at 570 nm and compared to that of untreated control cells.
Microscopy of cellular uptake
Cells were cultured and fluorescein-microspheres were added as described above. Cells were washed with PBS and the nuclei stained with Hoechst 33 342 (1 mg mL À1 ) for 10 min. Cells were then fixed with 3% p-formaldehyde (20 min), washed (PBS) and the actin filaments stained with AlexaFluor 568-phalloidin (1 unit per mL) for 15 min. Cells were washed with PBS prior to microscopy in 2% fetal bovine serum-PBS or 0.2% trypan blue-HBSS.
Real-time confocal microscopy
Cells were cultured on poly-lysine coated 24 mm glass coverslips and stained with FM4-64 as according to the manufacturer's instructions (Invitrogen). Fluorescein labelled 0.5 mm microspheres were added and incubated with cells for 10 min prior to mounting the glass coverslip on a deltavision RT microscope in an incubation chamber at 37 1C/5% CO 2 (exciting microspheres using a 490/20 nm excitation filter and collecting emission using a 528/38 nm band-pass filter and exciting FM4-64 using a 555/28 nm excitation filter and collecting emission using a 617/73 nm band-pass filter). Optical slices were repeatedly scanned over 30 min.
Microscopy of lysosomes
Cells were cultured and Cy5-microspheres were added as described above. LysoTracker Red DND-99 was used according to the manufacturer's instructions (Invitrogen). Microscopic evaluation was made on a Zeiss inverted confocal DM IRE2 microscope.
RNA isolation
Cells were cultured to a density of 2 Â 10 5 cells per well in a 6 well plate. After 24 h, unlabelled amino-microspheres were added at a concentration of 86 mg mL À1 and incubated with cells for 48 h. Total RNA was isolated from both HEK293T and L929 cells grown with 0.5 and 2 mm microspheres and from untreated control cells. RNA extraction was performed using an RNeasy Mini Kit according to the manufacturer's protocol (QIAGEN, UK). The integrity and concentration of the total RNA were determined using an RNA 6000 Nano Assay Kit and a Bioanalyzer 2100 according to the manufacturer's protocols (Agilent, UK).
cRNA labelling cRNA synthesis and labelling (fluorophores Cy3 and Cy5 both from PerkinElmer/NEN Life Sciences, UK) were performed using a Low RNA Input Linear Amplification Kit according to the manufacturer's protocol (Agilent, UK). cRNA was assessed using a NanoDrop s ND-3300 fluorospectrometer (Agilent, UK).
Hybridisation and scanning
Array hybridisation was performed using both 4 Â 44K Whole Human Genome microarray (design 014850, Agilent) and 4 Â 44K Whole Mouse Genome (design 014868, Agilent). Array hybridisation was achieved using a Gene Expression Hybridisation Kit from (Agilent, UK). The hybridised array was washed following the post-hybridisation washing step according to the manufacturer's Gene Expression Wash Buffer Kit protocol (Agilent, UK). The dried slides were scanned on an Agilent DNA microarray scanner (G2565AA, Agilent).
Data analysis
Datasets, pre-processed by Agilent's Feature Extraction 9.1, were analysed by Genespring GX 10. Datasets were filtered by flags given by the FE software (present, marginal and absent), only samples detected as present were used for the statistical analysis.
Two different data analyses were performed. Firstly, for each cell line, the data were grouped in two datasets, one for each size (0.5 mm and 2 mm) and independently analysed against the control (untreated cells). A second analysis was performed by grouping the two datasets together to analyse the more general interaction between microspheres and cells, irrespective of microsphere size, against the control (untreated cells). T-Test statistical analyses were carried out (T-test against zero) and p-values were computed asymptotically, where p-values o 0.01 were considered significant, meaning a probability of real changes in expression of 99.9%.
Quantitative real-time PCR analysis
Quantitative real-time PCR was used to validate the effect of the cell-polymer interactions on the gene expression profile. Total RNA was isolated from both HEK293T and L929 cells grown in the presence of 0.5 mm and 2 mm microspheres and untreated control cells. RNA extraction was performed using a RNeasy Mini Kit according to the manufacturer's protocol (QIAGEN, UK). The integrity and concentration of total RNA were determined using a RNA 6000 Nano Assay Kit and a Bioanalyzer 2100 (Agilent, UK). RNA (500 ng) was used for cDNA synthesis with Superscript III (Invitrogen), according to manufacturer's instructions. Real-time RT-PCR was performed using a LightCycler 480 (Roche) and a LightCycler 480 SYBR Green 1 Master (Roche). Primers were designed with the Roche ProbeFinder online and purchased from MWG-Operon. 
Conclusions
In conclusion, microspheres of varying diameter have been analysed for uptake in a range of cell lines with a focus on their uptake in mouse melanoma cells. Uptake was not prevented following inhibition of either ATP hydrolysis or cholesterol synthesis or scavenging, nor slowed down by inhibitors of clathrin or caveolae mediated endocytosis or non-specific uptake via membrane ruffling. Although uptake by endocytosis is not limited to the mechanisms analysed here, microspheres appear not to be co-localised with acidic compartments and an endosome could not be observed by real-time confocal microscopy. This suggests that microspheres likely enter cells via a passive, but rapid mechanism. Furthermore, gene expression profiling of human and murine cells incubated with 2 mm and 0.5 mm microspheres revealed no significant changes in gene expression. A handful of genes showed minimal changes and none of them was associated with a cell death or toxicity pathway, supporting the notion that the microspheres' presence within the cell is remarkably well tolerated and does not result in toxicity at the genetic level.
